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Introduction {#sec001}
============

Nonalcoholic fatty liver disease (NAFLD) is a chronic metabolic syndrome characterized by fat accumulation in the liver, with the exception of alcohol and other known causes of liver damage. The prevalence of NAFLD in Western countries has reached 20--30%, meanwhile, the high prevalence has been observed in Eastern countries \[[@pone.0133882.ref001],[@pone.0133882.ref002]\]. NAFLD includes a series of interconnected clinical pathological syndromes, ranging from steatosis to nonalcoholic steatohepatitis (NASH), which can progress to fibrosis, cirrhosis, and eventually to liver failure or hepatocellular carcinoma \[[@pone.0133882.ref003],[@pone.0133882.ref004]\]. The underlying mechanism of NAFLD has not been fully elucidated. The "two-hit" hypothesis is currently the most recognized theory to explain disease development and progression \[[@pone.0133882.ref005]\]. It points out that the development of simple steatosis is the first hit, on the basis, hepatocytes are more sensitive to damage factors such as mitochondrial dysfunction, oxidative stress, adipocytokine alteration and lipid peroxidation, which finally leads from simple steatosis to NASH.

Recently, growing evidences have shown that endoplasmic reticulum stress (ERS) plays a pivotal role in both the development of steatosis and progression to NASH \[[@pone.0133882.ref006],[@pone.0133882.ref007]\]. A variety of factors such as anoxia, oxidative stress, alcohol, drugs and virus infection break the homeostasis of endoplasmic reticulum and cause unfolded and/or misfolded proteins accumulation in the endoplasmic reticulum lumen, which induce a physiological reaction referred to as the unfolded protein response (UPR) \[[@pone.0133882.ref008]--[@pone.0133882.ref011]\]. The UPR is mediated by three different signaling pathways, each of which is initiated by a specific transmembrane protein anchored in the endoplasmic reticulum membrane: protein kinase dependent on RNA (PKR)-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6). The UPR is primarily a cytoprotective survival response that aims to regulate protein folding and restore homeostatic balance. However, chronic or unresolved ERS can lead to apoptosis \[[@pone.0133882.ref008]\]. A large sum of researches have indicated that ERS may lead to activation of various signal pathways that has been linked to insulin resistance, inflammation, and apoptotic cell death, all of which are important in the pathogenesis of NAFLD \[[@pone.0133882.ref012]--[@pone.0133882.ref014]\].

Elevated circulating free fatty acids (FFA) are a character of NAFLD, however, increased FFA, especially long-chain saturated fatty acids (such as palmitic acid), can induce an ERS response that can activate stress signaling pathways, cause hepatocyte cell death and liver damage \[[@pone.0133882.ref015],[@pone.0133882.ref016]\]. The mechanisms by which saturated fatty acids contribute to liver injury remain poorly understood.

Protein disulfide isomerase A3 precursor (PDIA3) is a component of the protein disulfide isomerase family and distributes mainly in the endoplasmic reticulum lumen \[[@pone.0133882.ref017]\]. PDIA3 functions as parts of the glycoprotein-specific quality control machinery operating in the lumen of the ER \[[@pone.0133882.ref017]\]. When ERS is activated, the expression levels of PDIA3 and other ER chaperones are induced to increase the folding capacity of the ER. It was reported that PDIA3 was highly induced in neurodegenerative disease like prion disease and its overexpression protects neuronal cells against PrP^sc^ toxicity and ERS-induced apoptosis \[[@pone.0133882.ref018],[@pone.0133882.ref019]\]. Our previous study also reported that expression of PDIA3 was up-regulated in livers of rats fed high-fat diet \[[@pone.0133882.ref020]\]. However, the specific molecular mechanism of PDIA3 in NAFLD remains poorly understood. We assumed that PDIA3 participate in the pathogenesis of NAFLD through ERS, and the present study aimed to explore the underlying association in vitro.

Materials and Methods {#sec002}
=====================

Cell culture {#sec003}
------------

Normal human hepatocytes L02 cells were obtained from China Cell Culture Center (Shanghai). The cells were cultured in Dulbecco\'s Modified Eagle Medium (DMED; Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS; Gibco) and incubated at 37°C in a humidified atmosphere of 5% CO~2~. In order to establish fat overloading cell models, FFA (sodium palmitate (Sigma, St.Louis., MO) was added at a final concentration of 0.5 mM for 24 hours.

Small interfering RNA (siRNA) transfection {#sec004}
------------------------------------------

For RNA silencing, four different sequences of siRNA targeting human PDIA3 were designed and synthesized by GenePharma (Shanghai, China) as follows: siRNA1: 5'-CCAGCAACUUGAGGGAUAATTUUAUCCCUCAAGUUGCUGGTT-3';

siRNA2: 5'-GGACAAGACUGUGGCAUAUTTAUAUGCCACAGUCUUGUCC

TT-3'; siRNA3: 5'-CAGCCAACAAGAAGCUAAATTUUUAGCUUCUUGUUG

GCUGTT-3'; siRNA4: 5'-GGACGGUCAUUGAUUACAATTUUGUAAUCAA

UGACCGUCCTT-3'. Nonsilencing siRNA was a commercially available duplex (GenePharma) that was used as a negative control siRNA. For gene silencing, L02 cells were transfected with 160pmol siRNA using the Lipofectamine 2000 (Invitrogen, Carlsbad, CA) as instructed by the manufacturer. Forty-eight hours after transfection, protein extracts were analyzed by Western Blot to confirm protein knockdown. To assess the influence of PDIA3 knockdown on cellular steatosis and apoptosis, cells were treated with FFA after 48 hours of siRNA transfection and harvested after 24 hours incubation with FFA.

Oil Red O Staining {#sec005}
------------------

Cells were washed twice with PBS before fixed with 10% formaldehyde in PBS for 15 minutes. After two washes in PBS, cells were then stained for 15 minutes in freshly diluted Oil Red O solution. After that, the dishes were rinsed in water and counterstained with hematoxylin for 1 minute. Representative micrographs were captured at 200× magnification using a microscope.

Triglyceride assay {#sec006}
------------------

Intracellular triglycerides were assayed using a triglyceride assay kit (GPO-POD; Applygen Technologies Inc., Beijing, China) according to the manufacturer's recommended protocol.

Apoptosis analysis {#sec007}
------------------

Early and late phase apoptotic cells were detected with AnnexinV-FITC Apoptosis assay (KeyGen, Nanjing, China). Cells were washed twice with cold PBS, resuspended in binding buffer, and then incubated with Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) staining solution following the manufacturer's instructions. Samples of 10000 stained cells were analyzed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).

Western Blot {#sec008}
------------

Total protein was collected from cells using a Total Protein Extraction Kit (Sangon Biotech, Shanghai, China). Equal amounts of protein per sample were separated by 10% or 12% SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were blocked in 5% non-fat milk for 1 hour at 37°C and then incubated at 4°C overnight with primary antibodies, followed by incubation with horseradish peroxidase-conjugated secondary antibodies at 37°C for 1 hour. Primary antibodies against PDIA3, ATF-6α, p-PERK (Santa Cruz, CA), GRP78, CHOP, PERK, IRE1, SREBP1, FAS, ACC1 (Cell Signaling Technology, Danvers, MA) and p-IRE1 (Abcam, UK) were selected for this study. GAPDH (Cell Signaling Technology) was used as a control. The secondary antibodies were purchased from Santa Cruz Biotechnology. The immunoreactive bands were detected with ECL reagents and exposed to x-ray film for visualization. The density of each protein band was quantified by normalization to GAPDH.

Statistical analysis {#sec009}
--------------------

Data were given as mean ± SD from at least three independent experiments. Independent samples t--tests were done between two groups of continuous variables. *P* values \<0.05 were regarded as statistically significant. All analyses were performed with Graphpad Prism 5.01 software.

Results {#sec010}
=======

The expression level of PDIA3 was increased in fat loaded cell models of NAFLD {#sec011}
------------------------------------------------------------------------------

In order to establish fat overloading cell models, the human hepatocyte cell line L02 cells were treated with 0.5mM sodium palmitate for 24 hours. Oil red O staining demonstrated that lipid droplets were increased when L02 cells were treated with FFA for 24 hours ([Fig 1A](#pone.0133882.g001){ref-type="fig"}), and the triglyceride assay showed the accordingly results ([Fig 1B](#pone.0133882.g001){ref-type="fig"}; *P*\<0.01). On this basis, we found that the expression level of PDIA3 was increased in fat loaded cell models ([Fig 1C and 1D](#pone.0133882.g001){ref-type="fig"}; *P*\<0.05). The results were in accordance with our previous study in high fat diet-induced rat models of NAFLD \[[@pone.0133882.ref020]\].

![The expression level of PDIA3 was increased in fat loaded cell models of NAFLD.\
(A) Oil red O staining. Original magnification, 200×. (B) Intracellular triglyceride assay. \*\**P*\<0.01. (C) Western blot analysis of PDIA3 protein expression. (D) The relative expression level quantified by densitometry analysis of bands and normalized to GAPDH protein. All studies were conducted at least three times in triplicate, \**P*\<0.05.](pone.0133882.g001){#pone.0133882.g001}

PDIA3 siRNA interference effect {#sec012}
-------------------------------

Four pairs of siRNA duplexes were designed and synthesized for down-regulation of PDIA3 in L02 cells. Western Blot showed that the knockdown effect of the first sequence was more significant than others and it was therefore used in the following experiments ([Fig 2A and 2B](#pone.0133882.g002){ref-type="fig"}; *P*\<0.01).

![PDIA3 siRNA interference effect.\
(A) PDIA3 siRNA markedly reduces the PDIA3 protein level in L02 cells. (B) Relative protein level of PDIA3 after siRNA transfection. The PDIA3-s1 has the most significant knockdown effect. \*\**P*\<0.01 versus negative siRNA transfected cells. Three independent experiments were performed.](pone.0133882.g002){#pone.0133882.g002}

PDIA3 siRNA exacerbated hepatocellular steatosis in L02 cells {#sec013}
-------------------------------------------------------------

To explore the role of PDIA3 knockdown on lipid accumulation, L02 cells transfected with PDIA3 siRNA (PDIA3-s1) or negative siRNA (PDIA3-neg) were cultured in full media with or without FFA. Oil red O staining demonstrated that increased lipid stores were present in hepatocytes when cells were treated with FFA for 24 hours ([Fig 3A](#pone.0133882.g003){ref-type="fig"}). The increases were more obvious in cells transfected with PDIA3 siRNA in FFA medium, however, in FFA free medium, transfection of PDIA3 siRNA seemed no influence on lipid stores. Meanwhile, the triglyceride assay showed the accordingly results ([Fig 3B](#pone.0133882.g003){ref-type="fig"}; *P*\<0.05).

![PDIA3 siRNA exacerbates hepatocellular steatosis in L02 cells.\
(A) Oil red O staining of cells treats with or without FFA after transfection of PDIA3-s1 or PDIA3-neg. Original magnification, 200×. (B) Influence of PDIA3 knockdown on intracellular triglyceride level induced by FFA. These experiments were repeated three times. \**P*\<0.05.](pone.0133882.g003){#pone.0133882.g003}

PDIA3 siRNA aggravated cellular apoptosis of steatotic L02 cells {#sec014}
----------------------------------------------------------------

We next examined whether PDIA3 was involved in FFA-induced cellular apoptosis. Flow cytometer detecting cellular apoptosis revealed that early apoptosis was increased when L02 cells were treated with FFA for 24 hours, while there was no influence on late apoptosis. The siRNA knockdown of PDIA3 resulted in a significant increase of early apoptosis in FFA medium. However, in FFA free medium, transfection of PDIA3 had no influence on cellular apoptosis ([Fig 4A](#pone.0133882.g004){ref-type="fig"}). Results of three independent experiments suggested that the difference was significant ([Fig 4B](#pone.0133882.g004){ref-type="fig"}; *P*\<0.01).

![PDIA3 siRNA aggravates cellular apoptosis of steatotic L02 cells.\
(A) Flow cytometry scatter plot after Annexin V-FITC/PI staining: left lower quadrant: normal cells; right lower quadrant: early apoptosis cells (FITC Annexin V positive and PI negative); right upper quadrant: late apoptosis cells (both FITC Annexin V and PI positive); left upper quadrant: necrotic cells. The percentage represents the proportion of cells in each quadrant. (B) The histogram of early, late and total apoptosis after three independent experiments. \*\**P*\<0.01.](pone.0133882.g004){#pone.0133882.g004}

Knockdown of PDIA3 increased the expression level of FAS {#sec015}
--------------------------------------------------------

In order to explore the underlying mechanism by which PDIA3 siRNA exacerbated hepatocellular steatosis in L02 cells, Western Blot was used to detect several proteins involved in lipid synthesis: fatty acid synthase (FAS), sterol regulatory element binding protein1 (SREBP1) and Acetyl CoA Carboxylase (ACC1). We found that PDIA3, FAS, SREBP1 and ACC1 were all up-regulated when L02 cells were treated with FFA for 24 hours. siRNA-mediated knockdown of PDIA3 resulted in significant increase in FAS protein expression level as compared with negative siRNA after FFA treatment, while SREBP1 and ACC1 showed no statistically difference. In FFA free medium, PDIA3 knockdown had no significant effect on FAS, SREBP1 and ACC1 expression ([Fig 5](#pone.0133882.g005){ref-type="fig"}).

![The expression level of lipid synthesis proteins.\
(A) Western blot analysis of PDIA3, FAS, SREBP1 and ACC1 proteins expression. (B.C.D.E) The relative expression levels quantified by densitometry analysis of bands and normalized to GAPDH protein. These experiments were repeated three times in triplicate. \**P*\<0.05, \*\**P*\<0.01.](pone.0133882.g005){#pone.0133882.g005}

Knockdown of PDIA3 aggravated FFA-induced cell apoptosis through PERK-CHOP pathway {#sec016}
----------------------------------------------------------------------------------

Since PDIA3 knockdown aggravated hepatocellular apoptosis, and PDIA3 is an important endoplasmic reticulum molecular chaperone, we speculated that PDIA3 might affect cellular apoptosis through ERS pathway. To clarify the potential mechanism, Western Blot was used to detect the ERS related proteins: glucose-regulated protein 78 (GRP78), PERK, phospho-PERK (p-PERK), ATF-6α, IRE1 and phospho-IRE1 (p-IRE1). The expression level of C/EBP homologous protein (CHOP), the most well-characterized mediator of ER stress-induced cell death, was also detected. The results showed that GRP78, p-PERK and CHOP were up-regulated when L02 cells were treated with FFA for 24 hours, while p-IRE1 and ATF-6α had no obvious difference. PDIA3 knockdown resulted in significant increases in GRP78 and p-PERK level as compared with negative siRNA after FFA treatment. PDIA3 knockdown also made a further up-regulation of CHOP level ([Fig 6](#pone.0133882.g006){ref-type="fig"}).

![The expression level of ERS and apoptosis related proteins.\
(A) Western blot analysis of GRP78, PERK, p-PERK, ATF-6α, IRE1, p-IRE1 and CHOP proteins expression. (B.C.D.E.F) The relative expression levels quantified by densitometry analysis of bands and normalized to GAPDH protein. These experiments were repeated three times in triplicate. \**P*\<0.05, \*\**P*\<0.01.](pone.0133882.g006){#pone.0133882.g006}

Discussion {#sec017}
==========

NAFLD patients exhibit increased peripheral adipose decomposition and cyclic high FFA \[[@pone.0133882.ref021]\]. Prolonged high level of cyclic FFA can cause a series of metabolic obstacles, which eventually lead to hepatic steatosis \[[@pone.0133882.ref022]\]. Therefore, cellular FFA loading is commonly employed to develop *in vitro* models of steatosis. In our research, sodium palmitate was used at the final concentration of 0.5 mM to establish fat loaded cell models of NAFLD, then oil red O staining and cellular triglyceride assay suggested the success. The induction concentration and duration were determined by related references \[[@pone.0133882.ref023],[@pone.0133882.ref024]\], selecting a condition to cause some damage to hepatocytes but not so many apoptotic cells.

A putative mechanism linking FFA to NAFLD may been endoplasmic reticulum stress (ERS). A certain concentration of FFA, especially long chain saturated FFA (such as PA) can successfully induce ERS in a variety of cell lines, including hepatocytes \[[@pone.0133882.ref015],[@pone.0133882.ref016]\]. In the current study, after treated with sodium palmitate, Western Blot proved that GRP78 and phosphorylated PERK were up-regulated, while the other two sensors, ATF6α and IRE1, remained almost dormant. GRP78 is an intraluminal chaperone, which is bound to the three transmembrane sensors when the endoplasmic reticulum is unstressed. While ERS occurred, GRP78 is displaced from these stress sensors, leading to their activation, so it is regarded as the major biomarker of ERS \[[@pone.0133882.ref025]\]. PERK and IRE1 undergo dimerization and transautophosphorylation when activation and ATF6α is activated by regulated intramembrane proteolysis in the Golgi \[[@pone.0133882.ref026]\]. Our results indicate that the PERK signaling pathway plays a key role in mediating sodium palmitate-induced ERS, which is consistent with some previous studies \[[@pone.0133882.ref027],[@pone.0133882.ref028]\].

PDIA3 mainly serves as molecular chaperone in the endoplasmic reticulum, which can be induced when secretary protein excessive synthesis, as well as the accumulation of unfolded or misfolded proteins in the endoplasmic reticulum. It was reported that PDIA3 was highly induced in neurodegenerative disease like prion disease, renal fibrosis, obese insulin-resistant nondiabetic individuals and livers of rats fed high-fat diet \[[@pone.0133882.ref018]--[@pone.0133882.ref020],[@pone.0133882.ref029],[@pone.0133882.ref030]\]. However, the potential role of PDIA3 in saturated FFA induced cell models of NAFLD remains to be determined. Our data pointed out that PDIA3 knockdown induced the further up-regulation of GRP78 and p-PERK proteins after FFA treatment, suggesting that PDIA3 knockdown aggravates FFA-induced ERS. However, in FFA free medium, PDIA3 knockdown only induced GRP78 protein up-regulated, the possible explanation may owe to their similar function of endoplasmic reticulum molecular chaperone. PDIA3 knockdown increases the expression of GRP78 compensatory.

Using the oil red O staining and triglyceride assay to investigate the effect of PDIA3 in hepatic steatosis, we found that PDIA3 knockdown may exacerbate FFA-induced cellular steatosis accompanied by the up-regulation of FAS protein expression, while the effect was not observed in FFA free medium. FAS is a key enzyme of organisms endogenous fatty acid synthesis, it catalyzes acetyl CoA and malonyl CoA to form long-chain fatty acid \[[@pone.0133882.ref031]\]. Some scholars put forward that PDIA3 can interact with nuclear DNA to influence the expression of certain genes \[[@pone.0133882.ref032]\]. What's more, deletion of PERK has been reported to inhibit the sustained expression of FAS \[[@pone.0133882.ref027]\]. So we speculated that PDIA3 knockdown influences the lipid deposition of steatotic hepatocytes by regulating the expression of FAS directly or indirectly. However, the mechanisms that how PDIA3 affects lipid metabolism in this hepatocyte cell models need further investigation. How does PDIA3 regulate FAS expression? Do they have any direct or indirect interactions? How does PDIA3 affect the post-translation of lipogenesis enzymes and AMPK? These questions will be further studied in our next study.

Finally, our study also detected that PDIA3 knockdown promoted steatotic heptocytes apoptosis along with the up-regulation of CHOP protein. Increasing evidence suggests that prolonged, severe ERS can target the cell for apoptosis via a number of putative mechanisms, including extrusion of luminal calcium, activation of CHOP and c-Jun N-terminal kinase (JNK) \[[@pone.0133882.ref033]--[@pone.0133882.ref035]\]. CHOP is an ER-resident transcription factor that functions downstream of the transmembrane protein PERK and ATF6. It is perhaps the most well-characterized mediator of ER stress-induced cell death \[[@pone.0133882.ref028]\]. In the current study we find that PDIA3 knockdown exacerbate hepatocytes ERS and apoptosis induced by sodium palmitate, and the potential mechanism may be associated with the activation of PERK-CHOP pathway.

Among the results in present study, PDIA3 knockdown seems only affect ERS level, lipid synthesis, degree of apoptosis and their related protein expression in FFA medium, and it may owe to that FFA condition changes the control system of hepatocytes. To sum up, our study reveals the function of PDIA3 in the NAFLD cell models, and puts forward the possible molecular mechanism ([Fig 7](#pone.0133882.g007){ref-type="fig"}). PDIA3 is promising to be the molecular diagnosis and treatment target of NAFLD.

![The schematic diagram illustrating the potential role of PDIA3 in the FFA-induced hepatocyte steatosis and apoptosis in L02 cells.](pone.0133882.g007){#pone.0133882.g007}
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